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A study of ultrafast transient transport in nonequilibrium direct-gap polar semiconductors
under high levels of excitation is presented. The dynamic equation for the drift velocity is de-
rived. A numerical application, appropriate for the case of photoexcited carriers distributed in
the zone-center valleys of GaAs, is done. The time evolution of the momentum relaxation
time and drift velocity is discussed, and it is shown that, depending on experimental conditions,
a velocity overshoot may result.
In the area of transport properties of carriers in
metals and semiconductors, the high-field steady
state has been extensively analyzed, mainly in terms
of the hot-electron model pioneered by Frohlich. '
Ultrafast transients received less attention until re-
cently, when an increasing body of experimental '
and theoretical research4 5 has begun to accumulate.
Regarding theoretical methods, Monte Carlo comput-
er techniques' offer an alternative to treatments
based on kinetic equations. ' Both types of ap-
proaches have been used mainly for showing that the
drift velocity may exceed ("overshoot") its quasi-
equilibrium value in the first few micrometers of car-
rier travel. These calculations of the transient
behavior of the drift velocity, and other transport
parameters, are typically founded on the momentum
and energy balance equations using some form of
relaxation-time approximation. Scattering frequen-
cies and thermodynamic differential coefficients are
taken as phenomenologieal parameters. Ho~ever, all
these quantities are dependent on the macroscopic
(thermodynamic) state of the system at each time,
which is evolving due to the irreversible relaxation
processes that develop in the media. Nowadays ad-
vances in ultrafast laser spectroscopy allow for the
analysis of these rapidly varying nonequilibrium
processes, and, in particular, transient transport
phenomena can be experimentally studied by means
of subpicosecond optical techniques. ' We address
here the question of how the thermodynamic time
evolution of a highly excited semiconductor affects
carriers mobility. To carry on this study we resort to
the use of a theoretical approach based on a generali-
zation of Gibbs's ensemble algorithm to nonlinear
nonequilibrium thermodynamics, which is encom-
passed in the so-called maximum entropy formalism
(MEF).6 s Methods based on this formalism were
developed by Robertson7 and Zubarev, s which allow
for the derivation of nonlinear transport equations to
describe kinetic and relaxation processes in the sys-
tem '"
We consider a direct-gap polar semiconductor pla-
telet, where an intense pulse of laser light creates
electron-hole pairs. We assume uniform illumination
in the active volume, and diffusion effects are
neglected. These carriers are in a state strongly
departed from thermal equilibrium, but in a condition
of mutual internal thermalization, brought about in a
fraction of picosecond by Coulomb interactions. " A
constant electric field 8 is superimposed on the sys-
tem; it accelerates these carriers which simultaneous-
ly relax energy and momentum to the phonon field.
We assume experimental conditions such as to make
lattice heating negligible, but longitudinal optical
(LO) phonons are expected to be warmed up in
scattering events involving Frohlich interaction. '
The nonequilibrium LO-phonon system relaxes ener-
gy to the lattice via anharmonic processes. Taking a
dispersionless LO-phonon frequency, we assume a
homogeneous distribution in energy space of LO-
phonons; i.e., we neglect the differences in mode po-
pulation in the early stages of the relaxation processes.
For the nonequilibrium statistical mechanical
description of this system, following the MEF, we
choose as a basis set of dynamical quantities, {P,j,
the carriers, P~ =H„and LO-phonon, P2=HLo, en-
ergies, and the carriers linear momenta in the direc-
tion of the constant electric field, P3 =P„P4=PI,.
Indices e and h stand for electrons and holes, respec-
tively. The expectation values of these quantities
over the MEF ensemble, {(P~{t)l, correspond to the
contracted set of macrovariables relevant to the
description of the experiment under consideration.
The basis set of intensive MEF-variables thermo-
dynamically conjugated to the extensive variables
(P~lr) a«P3(r) =p(r), P3(r) =pLO(r) P3(r)
= —p(r) v, (r), and F4(t) =—p(r)vt, (r), where p '
and pLo are the instantaneous quasitemperatures of
the carriers and LO-phonons subsystems, and v,,A the
instantaneous drift velocities.
The macrovariables (Pjl r) satisfy a set of general-
ized transport equations (GTE), which describe their
evolution in time due to the effect of the relaxation
processes and driving forces. '0 " They constitute a
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system of nonlinear integro-differential equations,
which we solve in the so-called quasilinear approxi-
mation, i.e., keeping only the contributions to the
scattering operator up to second order in the coupling
strengths of the interaction energies. Within this ap-
proximation mecanico-thermal effects are null, ' and
the GTE become formally identical to Boltzmann
equations in the Born approximation and with the
scattering operators expressed in terms of the instan-
taneous distribution functions. '
For not too low temperatures, such that carriers
distributions in energy space can be approximated by
the classical ones, and using the effective-mass ap-
proximation ek"=t2k2/2m, A, these GTE are
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Quantity $ (t) is the reciprocal of an instantaneous
momentum relaxation time for electrons and for
holes. In these equations x =Pttpp, E and Et
are the Frohlich and deformation potentials cou-
pling strengths, ' index a is either e or h, uLp(t)
= {exp[pLp(t)gtpp] —1) ', vp has been defined
as {exp[p(t)ttp3p] —1] ', n is the carrier concentra-
tion, Vthe sample active volume, and E„are the
Bessel functions of second kind. In Eq. (lb) N
= V/V p is the number of unit cells, and T„N is re-
laxation time for decay of the excess LO-phonon en-
ergy through anharmonic processes, g is the density
of the material.
The macrovariables are related to the thermo-
dynamic parameters through the relations (H, ~ t)
e k f k ( t); (HLp{ t) = NttpIpuLp( t), and
(P { t ) = Vnm v ( t) . Replacing these expressions
on the left-hand side in Eqs. (4), we obtain a sys-
tem of four coupled differential equations for the
quantities p, pLp, u, and uh. For not too high elec-
tric field intensities such that Joule heating effects can
be neglected, Eqs. (la) and (lb), governing energy
relaxation, can be solved independently of that for v,
yielding p(t) and pLp(t) on which the solution of Eq.
(lc) depends. We solve the equations for p and pLp
by computational methods using in the program
parameters appropriate for GaAs. For a unique solu-
tion of these equations it is necessary to give initial
conditions. Two situations are considered here,
which roughly correspond to the experimental situa-
tion found in studies of fast-time-resolved optical
spectroscopy'4 ". (a) A very short laser pumping
pulse, t~ =0.25 psec, with photon energy tcoi. =4 eV,
and bath temperature Tp =300 K. The photoinjected
u (t) = exp[ —I{I (t)] „dt'exp[I](t'I)]
ma
~here
Q.(t) =J, dt'd. (t') . (3)
The time evolution of the conduction-band electrons
drift velocity is shown in Figs. 1 and 2, as a function
of time delay after pumping pulse application. The
initial value for v was taken as the resulting from
free acceleration during pulse duration, and then it is
overestimated. Since v is normalized to the final
equilibrium value, we have at initial time v(t~)/u, 4
= $„t~, and the normalized curves are independent
of the value of the electric field.
The following conclusions can be drawn from these
results: Carrier quasitemperature rapidly diminishes
from the high value attained after pulse application
towards a value in coincidence with LO-phonon
quasitemperature; from then on relaxation to final
carrier concentration is taken n =2 x 10.' cm, and
the carrier excess energy is AE =2.57 eV per pair.
The initial carrier quasitemperature immediately after
pulse is estimated to be 6700 K, and the LO-phonon
quasitemperature increases only slightly above bath
temperature to TLp = 303 K.tp (b) A laser pumping
pulse with Aevi. =1.64 eV, t~=2.5 psec, Tp=10 K,
AE =0.120 eV, and n =2 x 10' cm . Initial condi-
tions are T =152 K and TLo =46 K.' The insets in
Figs. 1 and 2 describe the evolution of carriers and
LO-phonon quasitemperatures. These values are
used to obtain the drift velocity of photoinjected elec-
trons in the central conduction-band valley, which,
after integration of Eq. (lc), is given by
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FIG. 1. Drift velocity (normalized to the equilibrium
value e8/m, Qeq) as a function of delay time. The inset
shows the evolution of the carrier quasitemperature (full
line) and LO-phonons quasitemperature (dotted line). Ex-
perimental conditions are indicated in the text.
FIG. 3. Reciprocal of the instantaneous drift-velocity re-
laxation time. (a) corresponds to the case of Fig. 1, and (b)
to that of Fig. 2.
equilibrium follows at a slow pace. While these
processes are in development the transient transport
properties of the carrier system display different type
of behavior, dependent upon the experimental condi-
tions which determine dissimilar thermodynamic evo-
lution. This fact is also noted in the kinetics of
luminescence. '0 When the thermal bath is at (or
near) room temperature, the quasitemperature TLo
increases only slightly above lattice temperature, car-
rier temperature equals TLp in near 1 psec after pulse
(see inset in Fig. l), while the instantaneous momen-
tum relaxation time P ' decreases by a factor of 2
[see Fig. 3(a)]. A velocity "overshoot" is evident in
Fig. 1. With thermal bath at low temperatures, here
10 K, TLp increases well above lattice temperature.
The carrier system cools down rapidly in the first pi-
coseconds, until its quasitemperature equals TLp,
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while the instantaneous momentum relaxation time
increases by a factor of near 10 in the first pi-
cosecond. [See Fig. 3(b).] Drift velocity increases
monotonically in time towards the equilibrium value.
Hence, when the nonequilibrium macroscopic state of
the system leads to a momentum relaxation time that
decreases along the evolution towards equilibrium,
the "viscous" force, —@(t)v(t), may overcome the
driving force, and a velocity overshoot is a result.
However, if P '(t) is a monotonically increasing
function of time, so is the drift velocity. Figure 4
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FIG. 2. Drift velocity (normalized to the equilibrium
value) as a function of delay time. The inset shows the evo-
lution of the carrier quasitemperatures (full line) and LO-
phonons quasitemperature (dotted line) ~ Experimental con-
ditions are indicated in the text.
FIG. 4. The instantaneous momentum relaxation time as
a function of carrier quasitemperature for several values of
the LO-phonon occupation numbers. The latter are charac-
terized by the quasitemperatures (a) TLp 300 K, (b)
TLp 179 K, (c) TLp 140 K, and (d) TLp 77 K.
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shows the momentum relaxation time as a function
of carrier quasitemperature for fixed population of
LO phonons, which is characterized by the tempera-
ture TLo. The initial point of each curve corresponds
to the achievement of mutual equilibrium, T, = TLo.
Two differentiated regimes become evident when go-
ing from curves (a) to (d): (i) a momentum relaxa-
tion time decreasing along with the cooling down of
carriers can be expected at intermediate to high pho-
non amplitudes (here TLo )200 K), while (ii) an op-
posite behavior occurs when the LO-phonon system
remains at low quasitemperatures. This tells us that
for nondegenerate carriers with parabolic energy
dispersion relation, in intermediate to strong polar
semiconductors, nonequilibrium thermodynamic con-
ditions are able to produce a velocity overshoot. This
overshoot is more plausible and larger for high exci-
tation intensities, and therefore high photoinjected
pair concentration, and large carriers kinetic excess
energy, i.e., high laser frequencies, A~L &) E&, al-
lowing for an enhanced warming up of LO phonons.
Null acceleration at both the maximum and limiting
equilibrium drift velocities implies that v /v, q
= $,~/Q, that is only possible in the first regime
(i). It should be noted that we considered carriers
dynamics within a parabolic band central valley;
transfer of carriers to lower mobility valleys produces
additional effects. '
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